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ABSTRACT: SARS-CoV-2 infection begins with the association
of its spike 1 (S1) protein with host angiotensin-converting
enzyme-2 (ACE2). Targeting the interaction between S1 and
ACE2 is a practical strategy against SARS-CoV-2 infection. Herein,
we show encouraging results indicating that human cathelicidin
LL37 can simultaneously block viral S1 and cloak ACE2. LL37
binds to the receptor-binding domain (RBD) of S1 with high
affinity (11.2 nM) and decreases subsequent recruitment of ACE2.
Owing to the RBD blockade, LL37 inhibits SARS-CoV-2 S
pseudovirion infection, with a half-maximal inhibitory concen-
tration of 4.74 μg/mL. Interestingly, LL37 also binds to ACE2 with
an affinity of 25.5 nM and cloaks the ligand-binding domain
(LBD), thereby decreasing S1 adherence and protecting cells
against pseudovirion infection in vitro. Intranasal administration of LL37 to C57 mice infected with adenovirus expressing human
ACE2 either before or after pseudovirion invasion decreased lung infection. The study identified a versatile antimicrobial peptide in
humans as an inhibitor of SARS-CoV-2 attachment using dual mechanisms, thus providing a potential candidate for coronavirus
disease 2019 (COVID-19) prevention and treatment.
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Coronavirus disease 2019 (COVID-19) resulting from
severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection is a serious threat to human health and to
date has infected over 120 000 000 people and caused more
than 2 000 000 deaths.1 SARS-CoV-2 is an enveloped, positive-
sense RNA virus with a genome encoding the spike (S)
protein, envelope protein, membrane protein, and nucleopro-
tein. The S protein, composed of the S1 and S2 subunits, exists
as a trimer in solution.2 SARS-CoV-2 invades host cells,
initiated by the adherence of S1 to the membrane via
recognition of critical receptor angiotensin-converting en-
zyme-2 (ACE2),3 a negative regulator of the renin-angiotensin
system. With the proteolysis of transmembrane protease
serine-2 (TMPRSS2),4 S1 dissociates and S2 mediates viral
entry into the cytoplasm.5

Interferons (IFNs) and antimicrobial peptides (AMPs),
effectors of the host innate immune system, represent the first
line of defense against SARS-CoV-2. Pneumonia occurs when
SARS-CoV-2 runs the blockade of innate immunity and
reaches the pulmonary alveoli. The subsequent strong adaptive
immune response results in a cytokine storm, acute respiratory
disease syndrome (ARDS), and other severe complications.6

Human innate immunity can eliminate SARS-CoV-2 but is
impaired in COVID-19 patients,7 as manifested by the low

levels of type I and III IFNs.8,9 To correct the imbalanced host
response to SARS-CoV-2, the administration of type I IFN is
proposed as a therapeutic strategy for COVID-19 in the early
stage of infection.10 In addition, AMPs are also altered to
varying degrees after SARS-CoV-2 infection,8 although less is
known about the role of the changed AMPs in COVID-19
pathogenesis.
AMPs are extensively present in flora and fauna and have the

general characteristics of electropositive charge, amphipathy,
and a low molecular weight (typically 12 to 50 amino acids).
AMPs are divided on the basis of the spatial conformation into
four major groups: β-stranded peptides, α-helices, extended
helices, and peptides with loop structures.11 Defensins and
cathelicidins are two important groups of mammalian AMPs.
Human defensins (HDs) are β-stranded peptides with
evolutionarily conserved elements in the sequence.12 We
recently discovered that HD5, an intestinal AMP whose
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expression is increased after viral infection,13 inhibited SARS-
CoV-2 invasion by cloaking ACE2.14 The LL37 peptide is
derived from the hCAP-18 protein, which is encoded by the
CAMP gene. LL37 belongs to the α-helix group (Figure 1A)
and is the only member of the human cathelicidin family
discovered to date.15 The human respiratory tract epithelium
produces LL37 to antagonize invading microbes.16 Because of
an increase in CAMP gene expression in the lungs of COVID-
19 patients compared with uninfected controls,8 we speculated
that similar to HD5, LL37 might play a role in host defense
against SARS-CoV-2 infection.
Herein, we evaluated the antiviral properties of LL37 against

SARS-CoV-2 in vitro and in vivo using S pseudovirions. The
antiviral mechanism of LL37 was investigated by biolayer
interference (BLI) and molecular dynamic simulation (MDS).
Our study sheds light on an innate immune element in humans

functioning as an inhibitor of SARS-CoV-2 attachment,
offering possibilities for COVID-19 prevention and treatment.

■ RESULTS AND DISCUSSION
LL37 Binds to the Receptor-Binding Domain (RBD)

and Inhibits S1 Recruitment. To evaluate the effect of LL37
on viral invasion, we employed SARS-CoV-2 S pseudovirions
equipped with a luciferase reporter system to infect human
embryonic kidney-239T cells with a high expression of ACE2
(HEK-293T-hACE2 cells)17 in the presence of increasing
concentrations of synthetic LL37 (Figure S1). LL37 sup-
pressed S pseudovirion infection in a dose-dependent manner
with a half-maximal inhibitory concentration (IC50) of 4.74
μg/mL (1.05 μM, Figure 1B), which was lower than those of
ACE2-derived peptide inhibitors for suppressing S pseudovi-
rion infection.18 However, LL37 was less efficient than
neutralizing antibodies and recombinant ACE2 fused with

Figure 1. LL37 suppresses S1 associating with ACE2 by blocking RBD. (A) Ribbon structure of LL37 (PDB: 2K6O) in lipid micelles. (B) IC50
determination. Results shown as the mean ± standard deviation (SD) were processed by a nonlinear curve fit. (C) Binding kinetics for LL37 and
RBD. (D) Binding kinetics for ACE2 and RBD. (E) BLI-based RBD blocking assay. (F) Immunofluorescence microscopy revealing the inhibition
of LL37 on S1 (Green) adhering to A549 cells and the coating of LL37 (Green) on the cell membrane. The region of interest in the S1-treated
group is magnified in the embedding graph. The scale bar indicates 20 μm. (G) Protein bands of S1 pretreated with increasing concentrations of
LL37 binding to A549 cells. β-actin is the reference.
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the Fc region of human immunoglobulin G1 (IgG1) in
blocking SARS-CoV-2 S pseudovirion infection.19,20

S1, which contains an RBD, is the ligand of ACE2. To gain
insight into the antiviral mechanism, we used BLI to analyze

the recruitment of LL37 to the RBD. The binding affinity of
LL37 for biotinylated RBD immobilized on streptavidin (SA)
biosensors was 11.2 nM (Figure 1C), comparable to that of
ACE2 for the RBD (7.85 nM, Figure 1D). To assess the

Figure 2. Complex structures of LL37 with SARS-CoV-2 RBD (A) and ACE2 (B). RBD and ACE2 (PDB: 6M0J) are shown in the ribbon
structure. LL37 is shown in the red ribbon on the right. Salt bridges, hydrogen bonds, and hydrophobic interactions are shown in orange, yellow,
and purple, respectively.
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influence of the LL37 coating on ACE2 recruitment via the
RBD, a blocking experiment was carried out by monitoring the
binding of ACE2 to the RBD coated with increasing
concentrations of LL37. As shown in Figure 1E, LL37 dose-
dependently decreased the signals corresponding to ACE2
binding to the RBD. A cell experiment in which human
pulmonary epithelial A549 cells were exposed to 10 μg/mL S1
in the presence and absence of LL37 was then performed.
Confocal microscopy revealed that S1 adhered predominantly
to the cell surface (Figure 1F). When S1 was pretreated with
20 μg/mL LL37 at 37 °C for 15 min, its recruitment was
markedly reduced. Western blot analysis supported the finding
that LL37 dose-dependently decreased the adherence of S1 to
cells (Figure 1G). The inhibitory effect of LL37 on S1
adherence was also observed for human renal tubular epithelial
HK-2 cells (Figure S2), which express an abundance of ACE2
and are susceptible to SARS-CoV-2 infection.21,22

LL37 has an N-terminal region (residues 1−13) that is
responsible for its proteolysis resistance, a core antimicrobial
domain (residues 18−29), and a C-terminal sequence
(residues 32−37) that participates in tetramer formation.23

To identify the active region of LL37 mediating S1
suppression, we generated five truncated derivatives (Figure
S1). Circular dichroism (CD) scanning showed that similar to

wild-type LL37, the mutants excluding the C-terminal coil
(NL8) displayed random coils and α-helical structures in
ultrapure water and sodium dodecyl sulfonate micelles,
respectively (Figure S3A). However, Western blot analysis
revealed that sequence truncation suppressed the inhibitory
effect of LL37 (Figure S3B), which suggests that LL37 blocks
S1 adherence in a manner dependent on the primary structure,
consistent with its structure-dependent antiviral action against
dengue virus.24

The SARS-CoV-2 RBD binds to ACE2 with 18 contacting
residues (i.e., LYS417, GLY446, TYR449, TYR453, LEU455,
PHE456, ALA475, PHE486, ASN487, TYR489, GLN493,
TYR495, GLY496, GLN498, THR500, ASN501, GLY502, and
TYR505).25 Neutralizing antibody P2B-2F6 binds to the RBD
and captures 12 residues, including 2 contacting residues,
GLY446 and TYR449, which precludes ACE2 receptor
engagement.26 Additionally, miniprotein inhibitor LCB3
binds to the RBD with picomolar affinity via 38 binding
sites, 14 of which overlap with the contacting residues of the
RBD involved in ACE2.27 Our MDS data showed that LL37
formed 3 salt bridges, 13 hydrogen bonds, and a pair of
hydrophobic interaction with the RBD (Table S1). Driven by
these intermolecular interactions, LL37 bound to eight
residues of the RBD within a range of 5 Å, including five

Figure 3. LL37 attenuates S1 binding to cells by cloaking ACE2. (A) Binding kinetics for LL37 and ACE2. (B) BLI-based ACE2 blocking assay.
(C) Protein bands of S1 binding to A549 cells pretreated with increasing concentrations of LL37. β-actin is the reference. (D) Pseudovirion
neutralization assay. Results are shown as the mean ± SD. Compared with the peptide-free group, the cells pretreated with 5 and 10 μg/mL LL37
were less sensitive to SARS-CoV-2 S pseudovirion infection. ***, P < 0.001.
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Figure 4. LL37 treatment inhibits pseudovirion infection in mouse lungs. (A) Diagrammatic drawing depicting the pseudovirion-based mouse
infection model. Adenovirus, Adv; pseudovirion, Pv. (B) Protein bands of ACE2, Flag-tag, and His-tag in Lewis cells infected by the adenoviruses
and pseudovirions. β-actin is the reference. In the sham group, the cells were treated with sterile PBS. (C) EGFP mRNA expression relative to β-
actin. Results are shown as the mean ± SD **, P < 0.01, compared to the sham group in which mice were treated with saline solution. (D) Protein
bands of Flag-tag and His-tag in mouse lungs. β-Actin is the reference. (E) Immunofluorescence microscopy revealing the inhibition of LL37 on
pseudovirion infection in vivo. The scale bar is 20 μm.
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contacting residues: LYS417, GLN493, THR500, ASN501,
and TYR505 (Figure 2A). These findings helped to explain the
mechanism by which LL37 blocks RBD binding.
LL37 Cloaks ACE2 and Inhibits Pseudovirion In-

fection In Vitro. LL37 is constitutively expressed in vivo
and may capture ACE2 before the virus reaches the alveolar
epithelial cells. Confocal microscopy indicated the feasibility of
this mechanism, as LL37 was localized primarily on the surface
of A549 cells (Figure 1F), consistent with the location of HD5
on enterocytes.14 BLI showed that LL37 bound to ACE2 with
an affinity of 25.5 nM (Figure 3A), approximately 3-fold lower
than that of HD5 binding to ACE2.14 To assess the influence
of the LL37 coating on the interaction of ACE2 with S1, a BLI-
based blocking experiment was conducted. As shown in Figure
3B, LL37 decreased the amount of S1 binding to ACE2,
consistent with the Western blot results (Figure 3C). Cell
experiments with pseudovirions showed that the pretreatment
of A549 (Figure 3D) and HEK-293T-hACE2 (Figure S4) cells
with LL37 decreased the viral infection in a dose-dependent
manner, thus demonstrating the protective effect of LL37 on
sensitive cells by cloaking ACE2.
ACE2 binds to the SARS-CoV-2 RBD at nanomolar affinity

with 20 contacting residues (i.e., GLN24, THR27, PHE28,
ASP30, LYS31, HIS34, GLU35, GLU37, ASP38, TYR41,
GLN42, LEU45, MET82, TYR83, ASN330, LYS353, GLY354,
ASP355, ARG357, and ARG393).25 TYR41 is recognized as a
critical residue for the interaction of ACE2 with the RBD.28

Furthermore, the cloaking of ASP30, LYS31, and TYR83
contributed to the protective effect of HD5 against SARS-
CoV-2 attachment to host cells.14 MDS indicated that LL37
formed 15 salt bridges, 16 hydrogen bonds, and 4 pairs of
hydrophobic interactions with the ligand-binding domain
(LBD) of ACE2 (Table S2). LL37 bound to 12 residues of
the LBD within a range of 5 Å, including ASP30, ASP38,
TYR41, and TYR83 (Figure 2B). The blockade of these
contacting residues by LL37 might attenuate SARS-CoV-2 S1
binding to ACE2.
Virus propagation depends on living cells via a general

lifecycle comprising attachment, entry, replication, assembly,
and release.29 On the basis of the inhibitory mechanism,
antiviral agents are divided into two groups: virus-targeting
antivirals (VTAs) and host-targeting antivirals (HTAs).30 HDs
act simultaneously as VTAs and HTAs,31 as exemplified by the
binding of human β defensin 3 to viral glycoprotein B and host
heparan sulfate, thereby inhibiting herpes simplex virus
attachment.32 In the current study, we found that LL37
suppressed SARS-CoV-2 attachment by blocking viral S
attachment and cloaking the host LBD, thus acting as both a
VTA and a HTA, indicating the versatility of human AMPs in
the innate antiviral defense. Since the outbreak of COVID-19,
ample research has been performed to develop efficient
inhibitors for SARS-CoV-2 attachment. Most studies have
focused on the S protein and have discovered promising
antagonists, including neutralizing antibodies and de novo
designed peptides.26,27 Additionally, ACE2 cloakers are
promising candidates for suppressing viral invasion.14,33 LL37
integrates the modes of action of ligand blockers and receptor
cloakers and is, to our knowledge, the first inhibitor capable of
hindering SARS-CoV-2 adherence to target cells via a dual
mechanism.
LL37 Suppresses Pseudovirion Infection In Vivo.

Because SARS-CoV-2 generally enters the human body
through the respiratory pathway, topical application of

inhibitors to the nose and lung is instrumental for curbing
viral infection.27 LL37 is a natural product with the advantage
of low immunogenicity compared with de novo designed
inhibitors. Additionally, compared to neutralizing antibodies,
LL37 is easier to prepare and more suitable for direct delivery
into the respiratory system by intranasal administration and
aerosolization.27,34 Inspired by the observation that the in vivo
potencies of monoclonal antibodies and vaccines against Ebola
virus and Lassa virus could be evaluated using pseudovirions
outside of BSL-4 laboratories,35,36 we established a pseudovi-
rion-based mouse pulmonary infection model to assess the
inhibitory effect of LL37 on SARS-CoV-2 in vivo. Adenoviruses
expressing Flag-tagged ACE2, SARS-CoV-2 S pseudovirions
expressing His-tagged enhanced green fluorescent protein
(EGFP), and LL37 were intranasally administered to mice as
depicted in Figure 4A. Mouse Lewis cells infected with the
adenoviruses produced ACE2-Flag, resulting in susceptibility
to pseudovirion infection (Figure 4B).
We evaluated pseudovirion infection by detecting EGFP and

the His tag in lung samples. Either therapeutic or preventive
treatment with LL37 significantly decreased pseudovirion
infection, as revealed by the quantitative real-time polymerase
chain reaction (q-PCR) used to detect EGFP mRNA
expression in mouse lungs (Figure 4C). No obvious difference
was observed between the therapy and prevention groups. The
suppressive effect of LL37 on pseudovirion infection was
further confirmed by Western blot analysis (Figure 4D) and
immunofluorescence (Figure 4E). Notably, because a
pseudovirion cannot replicate in cells as an authentic virus
does, these findings cannot accurately reflect the antiviral
effects of LL37 against SARS-CoV-2 infection in vivo.
However, SARS-CoV-2 S pseudovirions are biologically safe
and instrumental for investigating attachment inhibitors. The
antiviral effects of attachment inhibitors, such as neutralizing
antibodies,26 ACE2-derived peptides,18 and decoy nano-
particles,37 against S pseudovirions and live SARS-CoV-2 are
consistent. Accordingly, our data indicated that LL37 is a
potential prophylactic and therapeutic drug for COVID-19 as a
viral attachment inhibitor. LL37 has broad-spectrum anti-
bacterial and antifungal activities.38 Because a coinfection of
bacteria and fungi occurs in COVID-19 patients,39 LL37
treatment may simultaneously suppress SARS-CoV-2 invasion
and prevent infection by respiratory pathogens. Furthermore,
LL37 alleviates endotoxin-induced inflammation,40 activates
type I IFN,41 inhibits neutrophil infiltration, and lowers the
production of proinflammatory cytokines in acute lung
injury,42 which may also be beneficial for mitigating the
cytokine storm after SARS-CoV-2 infection.
LL37 is stored as a precursor in the granules of epithelial

cells and phagocytic cells that are in direct contact with
external stimuli.38 When infection activates Toll-like receptors
(TLRs) or alters the cytokine milieu,43,44 these cells
degranulate and release the inactive precursor, which is further
processed by proteases to produce LL37.45 Because of the
vitamin D response element (VDRE) sequence in the CAMP
gene promoter, vitamin D receptor (VDR) activation is a
conceivable approach to increasing the production of LL37.46

VDR agonist 1,25-dihydroxyvitamin D3, the active form of
vitamin D, has been identified as an enhancer of LL37
expression.46 Supplementation with vitamin D is thus
considered to be a useful approach to suppressing SARS-
CoV-2 infection.47 Because diet and UV-B light exposure are
the main sources of vitamin D in humans, a diet rich in vitamin
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D and UV-B treatment may be helpful for defending against
viral invasion. Moreover, TLR agonists and phenylbutyrate
upregulate LL37 production through a vitamin D-dependent
pathway.43,48 Separate from the direct delivery of LL37 to the
focus of infection, the application of these inducers to elevate
endogenous LL37 may help to curb the SARS-CoV-2
infection.

■ CONCLUSIONS

Mammalian AMPs have evolved to antagonize invading
microbes. In the present study, we discovered that LL37, an
endogenous versatile AMP in humans, may be a potential
SARS-CoV-2 attachment inhibitor. LL37 bound to the SARS-
CoV-2 RBD, resulting in the competitive inhibition of ACE2
recruitment. Additionally, LL37 was bound to ACE2 and
blocked the LBD, which decreased the adherence of S1, a
crucial element mediating the attachment of SARS-CoV-2 to
sensitive cells. LL37 integrated the modes of action of viral
ligand blockers and host receptor cloakers, acting simulta-
neously as both a VTA and a HTA. Cell and mouse
experiments revealed that LL37 suppressed SARS-CoV-2 S
pseudovirion infection in vitro and in vivo. Hence, the direct
administration of LL37 or an increase in the expression of
endogenous LL37 by host-directed therapy49 may be
instrumental in COVID-19 prevention and treatment.

■ METHODS

Peptide Synthesis. LL37 and its derivatives were
chemically synthesized by Guoping Pharmaceutical Company
(Hefei, Anhui, China). The purities and molecular masses of
the peptides were determined by high-performance liquid
chromatography and mass spectrometry, respectively; data are
provided in Figure S1.
In Vitro Pseudovirion Infection Assay. HEK-293T-

hACE2 cells obtained from Prof. Ye50 and A549 cells
purchased from the Cell Bank of the Chinese Academy of
Sciences (CAS, Shanghai, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Thermo Fisher
Scientific, Shanghai, China) containing 10% fetal bovine serum
(FBS, Gibco). Cells were seeded into a 96-well plate at a
density of 5 × 103 cells/well and cultured overnight. To
determine IC50, SARS-CoV-2 S pseudovirions expressing a
dual-luciferase reporter (1 × 106 TU, Tsingke Biotechnology,
Beijing, China) were pretreated with increasing concentrations
of LL37 (100, 75, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, and 0.39
μg/mL) at 37 °C for 15 min. After three washes with sterile
PBS, HEK-293T-hACE2 cells were coincubated with pseudo-
virions at 37 °C for 12 h. The cells were further cultured for 48
h in DMEM containing 10% FBS after the removal of
pseudovirions. To evaluate the effect of ACE2 cloaking on
pseudovirion invasion, A549 and HEK-293T-hACE2 cells were
preincubated with LL37 (1, 5, and 10 μg/mL) at 37 °C for 24
h and were then exposed to pseudovirions for 48 h. Luciferase
activity was measured using a dual-luciferase reporter assay
system (E1910, Promega, Beijing, China). Experiments were
conducted in triplicate and repeated twice.
BLI. The binding of LL37 and human ACE2 (10108-H02H,

Sino Biological, Beijing, China) to the RBD (40592-V08B-B,
Sino Biological) and the binding of LL37 and S1 (40591-
V08H, Sino Biological) to ACE2 (10108-H08H-B, Sino
Biological) were measured using BLI (Octet Red 96, Sartorius,
Göttingen, GER). The RBD and ACE2 were immobilized on

SA biosensors at 15 μg/mL. Association and disassociation,
300 s for each, were conducted in PBS at a shaking speed of
1000 rpm. The data were processed using ForteBio Data
Analysis 7.0 software. The equilibrium dissociation constant
(KD) was obtained with a 1:1 fitting model. In the blocking
assay, immobilized RBD and ACE2 were initially preincubated
with LL37 for 300 s at 30 °C. Then, the signals corresponding
to the binding of 150 nM S1 to ACE2 and 70 nM ACE2 to the
RBD were recorded for another 300 s.

Immunofluorescence Microscopy. A549 cells cultured
in DMEM containing 10% FBS were seeded on sterile glass
slides in a 12-well plate at a density of 2 × 105 cells/well. After
three washes with sterile PBS, the cells were incubated with 10
μg/mL S1 pretreated with 20 μg/mL LL37 at 37 °C for 15
min. Coincubation was continued at 37 °C for 1 h. Normal
rabbit IgG (A7016, Beyotime, Shanghai, China, 1:200), an
anti-S rabbit polyclonal primary antibody (40591-T62, Sino
Biological, 1:200), and a goat antirabbit secondary antibody
(Alexa Fluor 488, Invitrogen, Thermo Fisher Scientific) were
employed in stain S1. The coating of LL37 on A549 cells was
analyzed by incubating 20 μg/mL biotin-labeled LL37 (LL37-
004B, Chinese Peptide Company, Hangzhou, China) with cells
at 37 °C for 1 h. A primary antibiotin rabbit polyclonal
antibody (ab53494, Abcam, Shanghai, China, 1:200) was used
to detect LL37.
Paraffin sections (3 μm) of mouse lungs were processed with

xylene, rehydrated with decreasing concentrations of ethanol,
and subjected to antigen retrieval in citrate buffer (10 mM, pH
6.0) at 95−100 °C for 15 min. Sections were then incubated
with normal rabbit IgG, an anti-Flag tag rabbit monoclonal
primary antibody (14793S, Cell Signaling Technology,
Shanghai, China, 1:200), and an anti-His tag mouse
monoclonal primary antibody (AF5060, Beyotime, 1:200). A
Cy3-labeled goat antirabbit secondary antibody (A0516,
Beyotime) and an FITC-labeled goat antimouse secondary
antibody (A0568, Beyotime) were used to visualize the Flag
tag and His tag, respectively. Nuclei were stained with 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI, C1002,
Beyotime, Shanghai, China). A Zeiss LSM 780 NLO confocal
microscope was employed to visualize the cells.

Western Blot Analysis. A549 and Lewis cells obtained
from the Cell Bank of the CAS (Shanghai, China) were seeded
into a six-well plate at a density of 1 × 106 cells/well and
cultured overnight. S1 (20 μg/mL) preincubated with LL37
(1, 10, and 100 μg/mL) at 37 °C for 15 min was added to the
A549 cells, followed by 1 h of coincubation. To evaluate ACE2
cloaking by LL37, cells preincubated with LL37 (10, 50, and
100 μg/mL) for 15 min were exposed to 20 μg/mL S1 for 1 h.
After three washes with PBS, the cells were lysed with RIPA
lysis and extraction buffer (89900, Thermo Fisher Scientific).
An anti-S rabbit polyclonal primary antibody (40591-T62, Sino
Biological, 1:1000) and a goat antirabbit secondary antibody
(A0208, Beyotime) were employed to detect S1. β-actin was
detected with a rabbit monoclonal antibody (AF5003,
Beyotime).
Lewis cells were cultured overnight and were then infected

with 1 × 108 PFU of adenoviruses expressing Flag-tagged
ACE2 (AD-hACE2, Tsingke Biotechnology) at 37 °C for 12 h.
A total of 1 × 106 TU of SARS-CoV-2 S pseudovirions
expressing His-tagged EGFP (LV-Spike-nCOV, Tsingke
Biotechnology) were further added and coincubated at 37
°C for 24 h. After three washes with PBS, the cells were
processed for protein extraction. Homogenates of mouse lung
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samples were prepared using a gentleMACS dissociator
(Miltenyi Biotec, Bergisch Gladbach, GER). ACE2, the Flag
tag, and the His tag were detected using an anti-ACE2 rabbit
polyclonal primary antibody (10108-T24, Sino Biological,
1:1000), the anti-Flag tag rabbit monoclonal primary antibody
(1:1000), and the anti-His tag mouse monoclonal primary
antibody (1:1000), respectively. A goat antirabbit secondary
antibody (A0208, Beyotime), a goat antimouse secondary
antibody (A0216, Beyotime), and a BeyoECL Plus chemi-
luminescence kit (P0018S, Beyotime) were used to visualize
the protein bands. This experiment was repeated three times
on different days.
MDS. MDS was performed for RBD-LL37 and ACE2-LL37

complexes using molecular docking, molecular dynamics, and
structural analysis. Molecular docking was performed on the
ZDOCK server (http://zdock.umassmed.edu/) based on the
IFACE statistical potential,51 shape complementarity, and
electrostatic potential before the IRaPPA reranking.52,53 The
best docking conformation was selected for MDS. The
GROMACS 2020.2 software package, the AMBER99SB-ildn
force field, and the TIP3P water model were applied for a total
of 500 ns of molecular simulation.54,55 PyMOL was used to
generate images of the biomolecular structures.
Animal Experiment. The animal experiment was

approved by the Animal Experimental Ethics Committee of
the Third Military Medical University (AMUWEC20201565).
Mice were cared for and treated in accordance with the
National Institutes of Health (NIH) Guidelines for the Care
and Use of Laboratory Animals (NIH publication no. 85e23,
rev. 1985). Thirty 8-week-old female C57 mice (18−22 g)
were randomly divided into 5 groups (n = 6). Mice were
infected with 5 × 108 PFU of adenoviruses (50 μL) and
challenged with 2 × 106 TU of SARS-CoV-2 S pseudovirions
(30 μL) 5 days later.33 LL37 treatment (100 μg/mL, 20 μL)
was performed after 0.5 h. All viruses and peptides were
intranasally administered. To investigate the preventive effect
of LL37, the peptide was administered 5 days after adenovirus
infection, and the mice were challenged with pseudovirions 0.5
h later. Mice were sacrificed after 24 h to obtain lung samples,
which were further analyzed by q-PCR, Western blotting, and
immunofluorescence microscopy.
q-PCR. RNA extracted from mouse lungs with TaKaRa

(Dalian, Liaoning, China) RNAiso Plus reagent was reverse
transcribed using a TaKaRa PrimeScript RT-PCR kit
(DRR014A). The primers were as follows: EGFP, 5′-
ACGAGTCCAAGTTCTACGGC-3′ (F), 5′-CGGGGATGA-
TCTTCTCGCAG-3′ (R); and β-actin, 5′-TGTACCCAG-
GCATTGCTGAC-3′ (F), 5′-AACGCAGCTCAGTAACAG-
TCC-3′ (R). The data were processed with Bio-Rad iQ5
standard edition optical system software (version 2.1). This
experiment was conducted in duplicate and repeated three
times.
Statistical Analysis. The significance of differences (P)

was analyzed with SPSS 25.0 software using one-way ANOVA
with the LSD multiple comparison test. A P value of less than
0.05 was defined as statistically significant.
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